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ABSTRACT

The costs and performance potential were assessed for the simultaneous
use of NO, control systems applied in various combinations and at various
control levels on 11 stationary sources. NO, control systems which were:
studied included combinations of low NOy burners (LNB), selective
non-catalytic reduction (SNCR), and selective catalytic reduction {SCR).

The stationary sources, totalling 11 different installations, include
refinery process heaters and industrial boilers of various sizes and types,
a carbon monoxide boiler, and a glass melting furnace.

Primary emphasis was on NOy reduction costs and corresponding
applicability of various control strategies as applied to major emission
sources for a range of sizes and equipment operating conditions. In
addition, the cumulative performance potential of each combination control
option was assessed.

It was concluded that generally the applicability o¢f a combination of-
NOy controls is feasible, but the cost-effectiveness is unique for each
unit examined. In addition, overall system complexity increases as
denitrification systems are added. However, some general trends were
detected: 1) application of NO; controls to refinery heaters is, on the
average, less costly than for industrial boilers; 2) application to larger
units is, on the average, less costly than for smaller units; 3) the
combination of LNB + SCR is generally competitive with SCR at control levels
between 80% to 90% NOy reduction; 4) from 70% to 90% reduction, SCR is
usually more cost-effective; 5) at 70% NOy removal LNB + SNCR is more
attractive; and 6) at 50% and 40% NOy, reduction, SNCR and LNB,
respectively, have the lowest cost.

Capital investment cost estimates are provided in mid-1981 dollars and
reflect estimated retrofit complexity factors for the various
installations. Annual control costs in terms of dollars per pound NOy
removed and dollars per million Btu thermal input are also reported.
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1.0 INTRODUCTION AND SUMMARY OF FINDINGS
1.1 Scope of Study

The objective of this study was to determine the
applicability, performance potential and cost of various methods of NO,
control to a variety of stationary sources representing a range of refinery
heaters and boilers, industrial boilers and a glass melting furnace. Low
NOy burners (LNB), selective non-catalytic reduction (SNCR), also
designated as thermal DeNOy, and selective catalytic reduction (SCR) were
the three methods considered. The stationary sources selected for the study
were based on stationary source and size guidelines provided by the Research
Staff, California Air Resources Board (CARB). Control strategies included
employing each method alone and in combination with the others.

Information was obtained from the operators of the various
stationary equipments. Information on control system characteristics was
obtained by recent discussions with various developers, suppliers and users
of the hardware and also drew heavily on the detailed survey conducted by
The Aerospace Corporation and reported in Reference l-1l.

The analysis was based on the stationary sources operating
at normal or observed load. In some cases extrapolations were extended to
design load, 75% of design load, or 50% of design load. Similarly, cost-
effectiveness estimates ($/1b NOy removed) were determined for design
conditions and adjusted for observed or expected operating load. In
addition to the effect of load on cost-effectiveness, the effect of exhaust
gas reheat (where required for SCR catalyst operation) and a comparison of
control costs of gas versus oil fuels were made.

1.2 Description of Sources

The stationary sources included five refinery heaters rated
from 65 to 435 MMBtu/hr, five industrial boilers rated from 4 to 336
MMBtu/hr, one CO boiler rated at 275,000 1b/hr steam, and one 200 ton per
day container (flint) glass furnace. Table 1-1 is a summary of the
stationary sources and their respective emission characteristics based on
the use of primarily gaseous fuels which are currently in use and considered
in the study guidelines to be in continued use in the future.. Because of
the diversity of heater and boiler designs and sizes that are located in the
Los Angeles Basin, it cannot be stated that any of the equipment studied can
be considered "typical". However, an attempt was made to encompass the
range of equipment sizes and determine cost trends, if any, based on this
parameter. In that sense it is believed the resultant evaluation is
representative of the control costs that could be incurred based on the
trends developed in the study.

1.3 Description of Technology

The technology for combined NOy controls was based on
individual technology operating experience in U.S. and Japan (References 1-1
and 1-2). Desired technical performance is generally achievable given
required space and configurations.
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In addition to the three major control technologies
considered in this study as applicable to refinery heaters, industrial
furnaces and glass melting furnaces, it is recognized that a number of
potentially other efficient alternative NOy control strategies are
applicable to glass melting furnaces. In many cases, these methods are
likely to be implemented before post-combustion controls and would include

process changes such as modifications to burner design, modification to

excess air levels, and electric boosting. These process changes were not
within the scope of the study and were therefore not included in the
analysis.

l1.3.1 Low NOy Burners

Low NO, burners (LNB) are widely used in Japan
on utility and industrial boilers and on other industrial combustion
equipment. The NOy reduction is influenced by the burner configuration,
size, type of fuel burned (oil, gas, coal, and fuel nitrogen content), and
type of combustion modifications (M) implemented prior to the use of LNB.
For example, with one type of LNB burning heavy oil NOy was reduced from
18 to L2% when operated without other CM techniques in use. When 40%
reduction was achieved by other types of CM, such as flue gas recirculation
(FGR), staged combustion, water injection, or a combination of these,
further reductions of 10 to 20% were achieved by the addition of an LNB, for
a total removal of 40 to 50% (Reference 1-1).

Recent U.S. and Japanese refinery experience
indicates that certain low NO, burners can reduce thermal NO, emissions
by 40% - 50% (References 1-1, 1-3). For gaseous fuels this results in an
overall 40% - 50% reduction. In liquid fuels, because the fuel nitrogen
component is virtually unaffected, the overall reduction rate is less.

1.3.2 Selective Noncatalytic Reduction

Ammonia reacts selectively with NO at
approximately 1000°C (1830°F), forming N» and Hp0. As in the case
of selective catalytic reduction SCR (described later), selective
non-catalytic reduction (SNCR) requires the presence of a small amount of
0, for the reaction to-occurs  -Exxon Research and Engineering Company has
patented the applicatioﬁ of inon-catalytic reduction as a NOy control
process, and is also referenced as Thermal DeNOy.

. Tests have been reported to show that the
temperature interval, or "window", over which appreciable NOy reduction
occurs is approximately 100°C "(180°F) and the reduction levels are a
function of the NH3 to NO, mole ratio. The location of the temperature
window which is nominally 1000°C can:be lowered by the introduction of
hydrogen. Depending on the amount .of..Hp.introduced (with Hp to NH3
ratios as high as 2), the reaction temperature is reduced by approximately
2500C (450°F).

Laboratory tests have shown that 80 to 90% NOx
reduction can be achieved with ammonia injection rates of 1.1 to 1.6
NH3/NOy mole ratios. However, for full-scale eguipment applications,
thé removal rate appears to be limited to approximately 65%, with 50% being
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typical value for a constant load source and perhaps 40% for a source with a
variable load (Reference 1-1). Temperature uniformity, NHz distributien
and residence time at temperature are the key parameters affecting
performance.

By-product emissions include unreacted ammonia.
Concentrations in the exhaust stream resulting from the 1.5 NH3/NOx mole
ratio required to achieve 50% reduction may be in the range of 30 to 50
ppm. The NH3 has the potential for forming NHyHSOy where 503 is
present and condensing at temperatures of approximately 215°C (425°F)
(Reference 1-1). Other emissions such as cyanides and nitrates have been
reported, averaging 2 and 10 ppm, respectively {Reference 1-4). However, no
correlation was reported between the amount of ammonia injected and the
emission levels of these pollutants, thereby suggesting that the cyanide and
nitrates may not be a by-product of the NH3 injection process.

Full-scale use of SNCR has been applied in Japan,
with approximately 11 units being reported, ranging from 190 to 1320
MMBtu/hr thermal input. These units include industrial and utility boilers,
CO boilers, and crude oil heaters. Generally they are operated during
pollution alerts only; two were demonstration units. A full-scale
installation in the U.S. on a 50 MMBtu/hr oil field steam generator has been
reported, with up to 65% removal at a mole ratio (NH3/NOy) of 1.5
{(Reference 1-1). It has also been applied in the U.S. by KVB and Fletcher
0il, Carson, CA on refinery heaters. Details of the results and performance
of the process are not currently available.

On the basis of the performance reported above for
similar units, the feasibility for Thermal DeNOy achieving a 50% reduction
has been shown for refinery heaters and steam boilers (References 1-1, 1-3).

Limitations on NOy reduction exist with varying
load conditions and multiple NH3 injection grids may be required. To
locate the NH3 injection sites, a thorough thermal profile mapping of each
NOx source is required. Since this type of data normally does not exist
for refinery heaters and industrial boilers, it was assumed for the
equipment discussed in this report that suitable temperature profiles exist
for placement of NHg injection grids in accéssibleflobations.

1.3.3 Selective Catalytie Reduction (SCR)

The NO, from statiohary sources is virtually all
nitric oxide (NO) and can be reduced to No and Hy0 by ammonia in the
presence of certain base metal catalysts. In order to achieve a 90%
reduction, temperatures in the range of 260 to 380°C (500 to T15°F) are
required in the reactor with an NH3 to NOy ratio of 0.9 to 1.1
(References 1-1, 1-5). Small quantities of oxygen in amounts normally
present in the emissions as a result of excess air (approximately 1%) in the
combustion process are needed.

To determine the effect of NOy, removal rate on
cost, SCR reactors in this study have been sized so that 50 to 90% NO,
removal can be achieved either alone or for use with other control options.
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In some stationary sources, reheat of the exhaust
gas is required to achieve the minimum effective temperature for optimum
NOy removal rates with catalysts currently in use. In those cases,
recovery of a major fraction of the reheat energy can be effected through a
heat exchanger downstream of the SCR unit thereby offsetting some of the
fuel and capital cost penalties incurred with the reheating. It must be
noted that this study was aimed at NOy control and not energy
conservation. Therefore, no attempt was made to include exhaust gas heat
recovery eguipment and credits to offset the cost of NOy control in those
specific equipments where gas temperatures were high enough for SCR and
reheat was not required.

Criteria used for catalyst bed sizing are summarized in
Table 1-2 and include type of fuel, flue gas temperature, SO, emissions,
and particulate loading. In general, for a gas-fired unit under conditions
of optimum flue gas temperature and negligible SO, and particulate
emissions, a normal space velocity of approximately 6000 hr-1 (dry basis)
could be considered. For cases in which sub-optimum temperatures are
encountered either independently or in combination with S0 and
particulate loading, a lower space velocity would be required as shown in
Table 1-2., Oil-firing necessitates a lower space velocity due to associated
SOp emissions and particulate loading. Flue gas temperatures for optimum
catalyst performance were considered to be in the range of 350 to 400°C
and the low operating temperatures are those between 255 and 260°C. As
was noted above, tradeoffs between the cost of increasing the reheat
temperature and the associated equipment and fuel costs versus the
corresponding reduction in catalyst volume (increased space velocity) were
not conducted.

1.3.4 Combinations of Control Technologies

'In combining controls the cumulative effect of
each control system is considered with no resultant degradation of
individual system performance levels providing adequate space and
appropriate conditions conducive to each system are available. Although
space is assumed to be present, installation is not necessarily assumed to
be without problems and some relocation of existing equipment may be
needed. The combined control options that were considered are: LNB alone,
SNCR alone, SCR alone, LNB with SNCR,LNB with SCR, SNCR with SCR, and LNB
with SNCR plus SCR. ¥ e

o e b e O

- .. .. There does not appear to be any technical reason
to preclude combining multiple NO, control systems. However, cost
considerations make some combinations unattractive. In addition, the
overall complexity of the control system is increased by utilizing multiple
systems.

1.4 Cost Estimates

A graphical representation of general NOy removal
cost-effectiveness trends for combined controls is presented in Figure 1l-1.
This report also presents the effect of load, fuel (gas versus oil) and
reheat on control system cost-effectiveness.



SINIWAYINDAY 1d0d ANV INJWAINDH A4TA0DdY LviaH ANV YALVIHAY ONIZIWINIK NO (d5vd mm:e<&mmZMHm

SISVE AMA V NO SI ALIDOTIA IADVIS

1404494 STHL - NOILVNOISId,

* INdWADVIdaY ISATVIVD TVANNVIA

P

1134 219nd IVANVIS/SNIVED €°0 - T0°0 = dKHOS,

wdd 0oz - G = FHOS

0,09 - SST =

q

MO'T

0,007 = 0SE = WARILAO,

A 0052 AWOS HROS MOl SVO

1°H 00%¢ AHOS AHOS HO1 110

r ‘4 ‘3 ‘a ‘o ‘g 00zZY ANON HNON jHo1 SV9

v 0029 ANON ANON WWILAO SV9

oNOTLYNOISAA ‘ILNIK (y-411) TYNIHON oSALVINO LIV q ‘os gdHal 1a0d
-d1nbd A19VOI'1ddV ‘ALID0TAA dOVdS

P

SNOTLIANQD SVD dN'ld

SOTLISIYALOVUVHD NOISSIWA ¥ITIO0H TVIULSNANI dNV dALVAH

¢-T 4ldvil

AYANIAHY Ol QALVTIY SV VIWILI¥OD ONIZIS aidd LSATVIVD




s,

=y

$/1b NO_ REMOVED

CosT,

TYPICAL VALUES
@ = 15%
< 80%
© - 85-95%

LNB + SNCR
ot SCR

/ LNB + SCR
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OVERALL NO, REDUCTION, %

Figure 1-1 General NOy, Removal Cost-Effectiveness Trends

as a Function of Overall NOx Reduction



The costs reported do not reflect any tax savings that a
company may incur from the installation of pollution control equipment such
as investment tax credits, deduction for interest expense or depreciation.
411 of these factors would tend to reduce the net cost of the equipment to
the company. Also the opportunity costs such as those resulting from lost
production during retrofit shutdown were not included. This was considered
a2 reasonable approach because the control equipment bulildup was assumed to
be incurring in parallel with normal equipment operation and installed or
connected during normal maintenance shutdown periods. However, if
operational schedules do not permit such an approach, lost production should
be considered.

SCR is equivalent in cost to LNB plus SCR at points B and C,
which correspond to overall NOy removal rates. As an example, for
reductions less than B, LNB plus SCR has a lower NOy removal cost than any
other combination or option. For reductions greater than C, SCR is the
least costly option in terms of NOy removal. It is apparent that SNCR
plus SCR, and LNB plus SNCR plus SCR are not cost competitive.

Although an option may have a low NO, removal cost, there
may be other reasons which would make another slightly more costly
alternative more desirable; i.e., there may be some advantage to combination
LNB plus SCR for removal rates greater than C due to the capability of LNB
to prevent total loss of NOy control if the SCR system is taken off the
line for catalyst replacement or for other reasons.

An average cost index of combined NOy control systems
relative to SCR (alone) at 90% reduction is shown in Figures 1-2 and 1-3 for
refinery heaters and industrial boilers. The combinations of systems that
achieve specific control levels are shown.

In the 86-90% range, the combination of LNB plus
SCR is comparable to the cost of SCR instailations (Table 1-5). For less
than 80%, other combinations or individual controls are less costly than an
equivalent sized SCR reactor.

In general, NO, control on boilers is more
cost-effective relative to SCR than heaters (Figure 1-2). Also, larger
units are more cost-effective than smaller units (Figure 1-3).

The effects of reheat and reheat reccvery on costs
for industrial boilers are illustrated in Figure 1-4 ($/1b vs. size).
Heaters are less consistent in terms of cost-effectiveness as a function of
size.

Table 1-3 depicts the cost of NOy reduction with
the use of low NOy burners at 100% load. All costs are given in 1981
dollars. Total quantities of NOy removed, capital cost, annual cost, and
cost-effectiveness in terms of dollars per pound of NOy removed and
dollars per million Btu's are presented. These costs are based on an
estimated 40% NOy removal rate of the low NOy burners relative to
conventional burners. In the case of the 22 MMBtu/hr industrial boiler
which fires either natural gas or No. 2 fuel oil and the 150 MMBtu/hr Boiler
which burns oil, it was estimated that the LNB would cause a 40% reduction

8
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$/Ib COST INDEX RELATIVE TO SCR AT 90% REDUCTION

o FOR OBSERVED CONDITIONS: PER TABLE 1-5

A
« VALUES IN PARENS, ( ) « GAS FIRED
DENOTE PERCENT NOy « INDEX BASED ON $/1b
REDUCTION ACCOMPLISHED NO, REMOVED
BY ONE CONTROL METHOD . 1981 DOLLARS
IN A COMBINED SYSTEM
13 « OPEN SYMBOLS DENOTE BOILERS

- o FLAGGED SYMBOLS DENOTE HEATERS
L2

Ll

1O

0.9

0.8 _
0.7
- £
0.6 - Sm #LL
0.5 LNB (40)
l

i }
0.al_ % + SCR (83)

0.3 |
i ¢ ave
1A

0.2} LARGE \CR

B INE ° LNB (40)
0.1 / l + SNCR {50
0- ] ] 1 _l . 1 ] J ]
30 a0 50 60 80 %0

OVERALL NOx REDUCT]ON, %

LNB (40
+ SCR(67)

Figure 1-3 Cost of Control Indexed to SCR at 90%
Reduction for Combinations of Controls
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11—

(128

CONDITIONS:
o 100% LOAD
o W% NOX REDUCTION

o GAS FIRED, OR AS NOTED
© REFINERY HEATER

© INDUSTRIAL BOILER
OPEN SYMBOLS--NO REHEAT REQUIRED

CLOSED SYMBOLS--EXHAUST GAS
REHEATED, NO RECOVERY

FLAGGED SYMBOLS--REHEAT WITH 65%
THERMAL RECOVERY
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Figure 1-4 Cost of NOy Removal Using SCR on Refinery
Heaters and Industrial Boilers (1981 Dollars)
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in thermal NOy emissions while leaving the estimated 55% fuel NOy in the
emissions unaffected. Cost-effectiveness of low NO, burners ranges from
$0.16-1.97/1b NO; removed for heaters, $0.12-1.30/1b NO, removed for
boilers and $0.38/1b NOy removed for the CO boilers. In general, the
higher cost applies to the smallest units and the lower costs to the larger
installations.

The cost for SCR installations is summarized in
Table 1-4 and it is based on a 90% NOy removal rate, also at 100% load.
In addition, where exhaust gas reheat is necessary to meet catalyst
temperature requirements, and can be effectively recovered {based on a 65%
thermal recovery), the credit from reheat recovery is shown in the column
following the amount of reheat required. A credit averaging about $0.80/1b
NO, for units requiring about 80°C of reheat is shown. Also, the simple
payback period for heat recovery equipment is presented.

The range of costs for 90% SCR control is
$1.95-3.95/1b NO, removed for heaters and $3.68-23.75/1b NOy removed for
boilers. In general, the lower costs apply to the larger installations.
The cost for the CO boiler is $3.60/1b, and for a 200 TPD flint glass
melting furnace is $1.45/1b NOy.

Table 1-5 summarizes the cost of combined NOx
control systems (including SNCR alone). Values are computed on the basis of
observed operating load (at the time of the study) which varies for each
unit, and costs depend on levels of secondary controls as indicated. The
cost of SCR (alone) at the corresponding control level is also shown for
comparison. The data support the information discussed earlier and
presented in Figures 1-2 and 1-3 regarding the costs of various methods and
combinations relative to SCR.

Table 1-6 which is cross-indexed to Figure 1-1,
compares the cost-effectiveness of combined control systems with SCR at
observed operating loads.

The performance matrix represented in Table 1-7
summarizes the previous tables. and graphs and shows the degree to which each
control option can be cost-éffectively utilized for the various
installations examined-y ==
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1.5 Findings

The results of this study have shown that certain
combinations of NOy control systems are reasonable from a cost
perspective; however, limitations may exist in utilizing a combination
approach involving the increased complexity of operating more than one
system. For example, physical and operational integration of separate
control and instrumentation systems is necessary for the optimum combination
of any of the technologies. Consequently, it is recommended that probiems
of this nature be guantitatively assessed in future pilot/test programs.
Significant findings from this study are:

(1) For each control option and type of units examined in
this study, the cost of NOy control is affected by
the type of emission source, capacity factor, fuel
burned, necessity for flue gas reheat, and retrofit
considerations. Thus, a typical cost for NOy removal
in terms of $/1b NOy cannot be established.

(2) 1In general, NO, control costs for refinery heaters
are less in terms of $/1b NOy; removed than industrial
boilers.

(3) NOy control installations on larger refinery heaters
or industrial boilers are generally more cost-effective
than smaller units.

(¥) Refinery heaters and industrial boilers that require
flue gas reheat for optimal SCR performance are
costlier than those units not requiring reheat;
however, the reheat cost can be offset to a significant
extent by reheat recovery.

(5) In general, combinations of controls, primarily low
NOy burners and 3CR, are cost competitive with 3CR
(alone) between 80 and 90% NOy removal levels for
both heaters and boilers.

(6) On the average, certain combinations of controls are
less costly than SCR at NOy removal levels in the
range of approximately 60 to 70%; the cost of the
combined system representing approximately 38% of SCR
costs at comparable removal levels.

(7) At 50% NOy removal, SNCR has the lowest removal cost,

and at 40%, LNB is least costly; approximately 11% of
the cost for 90% removal.
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